Abstract: Time-resolved near-field optical microsopy maps exciton transport in a hybrid system. Within the 100 ps photoluminescence lifetime, an equilibrium distribution of surface and bound excitons displays lateral diffusion on a 50 nm length scale. Hybrid systems made of molecular layers on top of an inorganic semiconductor are considered highly promising for implementing novel optoelectronic properties and functions, e.g., for applications in display technology and solar cells. In particular, the wide-gap material ZnO with a bandgap around 3.3 eV has raised substantial interest and been incorporated into hybrid systems with organic molecules [1] . Bulk and nanolayered ZnO display a rich excitonic spectrum with different absorption and photoluminescence (PL) emission lines due to free (FX) and both donor (DX) and acceptor bound excitons [2] . In ZnO nanostructures and on surfaces of cleaved bulk ZnO, the so-called surface exciton (SX) makes a prominent contribution to the PL spectrum [3, 4] . Recently, we have demonstrated the occurrence of SX at the interface between a 20 nm thick epitaxially grown ZnO nanolayer and a molecular Langmuir-Blodgett film, the latter strongly enhancing the density of SX states [5] . Here, we report new findings on the transport behavior of SX and DX at cryogenic temperature. Temporally and spatially resolved PL experiments give evidence of a lateral diffusive transport of both species with a nearly identical diffusion D≈0.3 cm 2 /s. Our results suggest a rapid population interchange between DX and SX states within the PL lifetime which is of the order of 100 ps.
Hybrid systems made of molecular layers on top of an inorganic semiconductor are considered highly promising for implementing novel optoelectronic properties and functions, e.g., for applications in display technology and solar cells. In particular, the wide-gap material ZnO with a bandgap around 3.3 eV has raised substantial interest and been incorporated into hybrid systems with organic molecules [1] . Bulk and nanolayered ZnO display a rich excitonic spectrum with different absorption and photoluminescence (PL) emission lines due to free (FX) and both donor (DX) and acceptor bound excitons [2] . In ZnO nanostructures and on surfaces of cleaved bulk ZnO, the so-called surface exciton (SX) makes a prominent contribution to the PL spectrum [3, 4] . Recently, we have demonstrated the occurrence of SX at the interface between a 20 nm thick epitaxially grown ZnO nanolayer and a molecular Langmuir-Blodgett film, the latter strongly enhancing the density of SX states [5] . Here, we report new findings on the transport behavior of SX and DX at cryogenic temperature. Temporally and spatially resolved PL experiments give evidence of a lateral diffusive transport of both species with a nearly identical diffusion D≈0.3 cm 2 /s. Our results suggest a rapid population interchange between DX and SX states within the PL lifetime which is of the order of 100 ps.
The sample studied here consists of a pseudomorphic ZnO/ZnMgO layer sequence grown by molecular beam epitaxy on a ZnO single crystal. The 20 nm thick ZnO top layer with an oxygen terminated (000-1) surface is followed by 350 nm thick Zn 0.88 Mg 0.12 O, a 10 nm thick Zn 0.85 Mg 0.15 O barrier layer, and a 150 nm thick ZnO buffer on the substrate. On the top ZnO layer, a monomolecular stearic acid film is attached by the Langmuir-Blodgett (LB) technique. Steady-state PL spectroscopy was performed with continuous-wave (cw) excitation at 3.81 eV by a HeCd laser and a detection system consisting of a grating spectrometer with a 0.3 meV spectral resolution and a cooled CCD camera. Frequency-doubled 150 fs pulses from a modelocked Ti:sapphire oscillator centered at 3.54 eV served for excitation in time-resolved PL experiments. Time-resolved detection was based on time correlated single photon counting with a detection bandwidth of 1.2 meV and an instrument response of 65 ps (FWHM).
To implement spatially resolved PL studies, a home-built cryogenic near-field scanning optical microscope (NSOM) was integrated into the optical setup. The NSOM was operated in the excitation/collection mode in which the sample was excited through an NSOM fiber tip and the resulting PL emission was collected through the same tip (Figs.1A,  B) . In the near-field (nf) geometry (Fig. 1A) , the distance between the tip and the sample surface was stabilized to approximately 10 nm by a shear-force feedback mechanism. The resulting spot size was of the order of 100 nm. Measurements in this geometry were complemented by measurements with the fiber tip retracted to a 10 µm distance (Fig. 1B) . In the latter far-field (ff) geometry, the spot size was of the order of 1 µm. Fig. 1C shows the steady-state PL spectrum recorded at a sample temperature of 5 K. The emission from bound (DX) and surface (SX) excitons is clearly distinguished. The SX band shows a substantial spectral width of the order of 4 meV, pointing to a dense manifold of SX states closely spaced in energy. This manifold partly overlaps with DX states as indicated by the extrapolated dashed line in Fig. 1C. Fig. 1D shows PL line scans recorded with the NSOM. At particular spatial positions (red spot in Fig. 1D ), the DX emission displays very narrow PL lines that originate from individual local DX sites. Such behavior is absent in the SX PL spectra. Time-resolved PL transients recorded at the maximum of the (E) SX and (F) DX emission show decay kinetics which are faster for near-than for far-field detection. The faster decays originate from a decrease of exciton density in the nf collection spot of 100 nm diameter by lateral SX and DX diffusion. Under ff conditions, this mechanism plays a negligible role because of the much larger spot size of 1 µm. An analysis of the accelerated decays with a diffusion model gives a diffusion coefficient of D≈ 0.3 cm 2 /s for both DX and SX, corresponding to a diffusion length of the order of 50 nm within the 100 ps PL decay time. The SX transport is facilitated by the dense manifold of SX states and connected with spectral diffusion within the SX PL band. The manifold of DX states partly overlaps with the SX distribution of a much higher density of states, making an efficient population exchange between DX and SX and, thus, DX transport possible within the PL lifetime.
